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Abstract: This work concerns different cultivars of waxy maize starch (WMS), from which a 
significant correlation between the multi-scale structure and the digestibility has been identified. 
WMSs show a typical A-type crystalline polymorph. The surface porosity of WMS granules 
facilitates their digestibility. In contrast, the in vitro digestion results indicate that the resistant starch 
(RS) content increased with higher contents of amylose, single helices, and surface short-range 
ordered structures. Resistant starch (RS) was found to be made up of single helices and perfect 
crystallites formed by the fraction of chains with a degree of polymerization (DP) between 13 and 24. 
Slowly digestible starch (SDS) consists of single helices. Rapidly digestible starch (RDS) is mainly 
composed of disordered molecular chains in the amorphous regions f starch. This work reveals the 
relationship between the multiscale structure and digestibility of different WMSs and can provide 
guidance for the application of WMSs in food or non-food fields. 
 















Starch is one of the most important ingredients in foods and the most important source of 
energy for human beings [1]. Starch is cheap, renewable, biodegradable, environmentally friendly, 
and nutritious [2]. Generally, native starches comprise 20–30% linear amylose and 70–80 % highly-
branched amylopectin [3], whilst waxy starches consist of mostly amylopectin [4]. Waxy starches 
have greater paste viscosities and a lower tendency to retrogradation [5], being advantageous for 
applications. Waxy maize is generally contained in fresh foods such as canned or frozen maize 
kernels [6]. 
Starch granules are biosynthesized in higher plants with a highly sophisticated 
supramolecular structure containing clusters, helices, and crystallites [7]. The size and shape of 
starch granules also depend on the starch variety. For example, compare to regular wheat starch, 
waxy wheat starch has more spherical disc-like granules [8], smaller average granule diameters, and 
a higher degree of crystallinity [9]. How the multiscale starch structure determines the properties of 
starch is scientifically interesting and practically important. 
The digestibility of starch can be influenced by the granule, crystalline and molecular 
structures [10, 11]. According to in vitro digestion analysis, starch can be typically classified into 
three major fractions: rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant 
starch (RS) [12]. Both RS and SDS are found to present health benefits. RS can improve the lipid 
and cholesterol metabolisms, have prebiotic effects on colon microorganisms, and reduce the risks of 
ulcerative colitis and colon cancer [13]. SDS can give a lower glycemic response, higher glucose 
tolerance, and lower the blood lipid level [14].  
A previous study [5] showed that waxy rice and waxy tapioca starches had less retrogradation 
tendency, which was related to the higher proportion of chains with DP 6–11 and the lower 
proportion of chains with DP 12–24. For waxy maize starch, Zhang et al. [15] found the action of 












helices and crystallites), which causes changes to the starch digestion behavior [16], whereas the 
large-scale structural motifs such as lamellae, growth rings and blocklets were largely conserved. 
Starches from different waxy wheat varieties were shown to have similar granule morphology, 
average granule size, crystalline structure, long-range and short-range ordered structures, swelling 
power, gelatinization properties, and in vitro digestibility [9]. For waxy maize starch (WMS), 
debranching for a longer time and a higher degree of recrystallization could lead to a higher RS 
content [17]. However, there has been no systematic study regarding the relationship between the 
multi-scale structure and digestibility of different cultivars of WMS. 
In this work, five WMS cultivars were selected as the model materials to compare their 
granule morphology, degree of crystallinity, degree of debranching, short-range molecular orders, 
helical conformations, and amylopectin chain length distribution. Based on that, the relationship 
between the multi-scale structures and digestibility was then established. The results from the present 
study are crucial for the rational development of starch-based food and non-food products. 
 
2. Materials and methods 
2.1. Materials 
Five waxy maize cultivars (L1, L2, L3, L4, and L5) were kindly supplied by the Guangdong 
Academy of Agricultural Sciences, which was a line developed by inbreeding. Starch was extracted 
from waxy maize according to a previous study [18] and the samples were coded as L1, L2, L3, L4, 
and L5, respectively.  
Porcine pancreatic α-amylase (P-7545, 8×USP/g) and amyloglucosidase (A3306, 318 U/mL) 
were purchased from Sigma-Aldrich (USA). All other chemicals (reagent grade) were supplied by 












2.2. Chemical analysis of starch 
The protein and lipid contents of the starch samples were determined according to the 
Standard AOAC methods 979.09 and 948.15, respectively [19]. The ash was determined by the 
AOAC standard method 942.05 [19]. The moisture content (MC) of each starch was determined 
using a moisture analyzer (MA35, Sartorius Stedim Biotech GmbH, Germany). The chemical 
composition of different WMSs was shown in Table 1.  
The apparent amylose content (AAC) of starch was determined by the AACC method, which 
was calculated based on a standard curve.  
The in vitro digestibility of starch was determined using a m dified method of Englyst [20]. 
In brief, 1 g of starch (dry-based) was dispersed in 20 mL of 0.1 M sodium acetate buffer (pH = 5.2) 
and hydrolyzed with the enzyme mixture. Then, the glucose content was determined by a glucose 
oxidase-peroxidase (GOPOD) assay kit (K-GLUC) (Megazyme, Ireland) [21]. Each test was 
analyzed in triplicate. 
2.3. Structural characterization of starch 
The particle size of starch was performed using a laser-diffraction analyzer (Malvern 
Mastersizer 2000, UK) with a flow-through reservoir (1000 mL). The starch samples were loaded 
into the reservoir until completely dispersed in anhydrous ethanol. The obscuration value was then 
adjusted to be between 12 % and 17 %. The refractive indices of starch samples and the dispersing 
reagent ethanol was 1.54 and 1.36, respectively. All the measurements were analyzed in replicate. 
The morphology of starch granules was observed using a scanning electron microscope 
(ZEISS EVO18, Germany). The samples were mounted on an aluminum platform and coated with 
gold using a 108-auto sputter coater (Cressington Scientific Instruments Ltd, UK).  
The fractal structures of starch were investigated using a small-angle X-ray scattering (SAXS) 












source, 50 mA, 40 kV, and 0.1542 nm wavelength) [22]. All data were analyzed using SAXSquant 
3.0 software. 
The crystallinity of starch was measured using an Xpert PRO diffractometer (PANalytical, 
Netherlands) with Cu-Kα radiation at 40 mA and 40 kV. The diffraction scanning was recorded from 
5° to 35° at a speed of 10°/min and a step size of 0.033°. Relative crystallinity (RC) was measured 
based on the ratio of the diffraction peak areas to the total diffractogram area [23]. Each test was 
performed in triplicate. 
The weight-average molecular weight (Mw) and the mean square radius of gyration (Rg) of 
starch were analyzed using a GPC (Waters, USA) system equipped with a MALS detector (Wyatt, 
USA), according to our previous procedure [24]. The data were analyzed using ASTRA V (Ver. 
5.3.4.20) software. All samples were tested in triplicate. 
The chain length distribution of amylopectin that extracted from starch was analyzed using a 
high-performance anion-exchange chromatography (HPAEC) system with the detailed method was 
described previously [18]. All samples were tested in duplicate. 
Solid-state 
13
C cross-polarized magic-angle spinning nuclear magnetic resonance (CP/MAS 
NMR) was performed on a Bruker AVANCE III HD 400 spectrometer (Bruker, Germany) following 
our previous procedure and conditions (100.613 MHz and 295 K) [24]. Over 6000 scans were 
recorded for a spectrum with a recycle delay of 2 s. The spectra were analyzed using PeakFit v4.12 
software. 
The molecular interactions of starch were analyzed using an attenuated total reflectance 
Fourier-transform infrared (ATR-FTIR) spectrometer (Bruker, Germany) with a DTGS (deuterated 
triglycine sulfate) detector. For each sample, 64 scans were collected in the wavenumber range of 
4000–400 cm
−1
 at a resolution of 4 cm
−1
. The air was taken as the background. Three replicated 












2.4. Statistical analysis 
The data were analyzed using the SPSS 22.0 statistical software. Analysis of variance 
(ANOVA) was carried out followed by Duncan’s multiple-range test. The significance level was set 
at p < 0.05. 
 
3. Results and discussion 
3.1. AAC and in vitro digestibility 
Maize starch consists of amylose and amylopectin, and amylose is one of the major factors 
affecting the physicochemical properties of starch. Moreover, the amylose/amylopectin ratio 
determines the granule size, multi-scale structure and functional properties of starch. The AAC of 
starch samples vary between 1.8 and 12.5 % and is in the sequence of L1 > L3 > L2 ≈ L4 ≈ L5 
(Table 2). L1 has the highest AAC (12.5%), which is still lower than that of normal maize starch 
(around 25 %) [25-27]. With a higher amylose content, the resistant starch (RS) content increases 
whereas the rapidly digestible starch (RDS) content decreases. Regarding this, RS could be mainly 
composed of amylose, which is more resistant to digestive enzymes, whereas amylopectin 
contributes to RDS. Overall, WMSs have higher digestibility (RDS+SDS content over 80 %). 
3.2. Granule size distribution and granule morphology 
The three size groups of starch granules can be distinctly divided: type A (> 15.9 µm), type B 
(5.3–15.9 µm), type C (< 5.3 µm) [28]. Type A granules begin to form the initial flower (grain begin 
to grow) and continue to grow throughout the grain growth period. Type B and C granules are 
supposed to be initiated at a specific time point in the later flower period depending on the cultivar, 
location, and extracted method [29]. The granule size distributions of different WMSs are illustrated 
in Fig. 1. It can be seen that all the samples have two populations of particles. The major group of 
particles have sizes between 5–13 μm whilst the other group of particles are smaller (0.3–3 μm). 












being the dominant type. Compared with the other samples, L2 and L4 present slightly higher 
median diameters (D50) (Table 2), but lower peaks (Fig. 1). 
Fig. 2 shows the SEM images of different WMSs. Most of the starch granules are over 5 μm, 
and a small portion of them are smaller than 3 μm, which corresponds to the granule size distribution 
results. In addition, WMS granules have a spherical, ellipsoidal, square or irregular shape, and the 
surface of most granules is smooth, which is similar to a previous study [30]. Compared with L3 (4.9% 
AAC) and L4 (2.2% AAC), L2 (3.1% AAC) has a higher RDS content, which means L2 can be 
easily hydrolyzed by digestive enzymes. This coincides with the granule surface of L2 presenting 
holes, which allows easier entrance of enzymes into the core of the granule. In addition, the surface 
of some granules of L3 shows some indents, which may be caused by an incomplete development 
during the growth period. While these WMSs show similar granule sizes, the surface structure of 
starch granules (such as pores) is significantly correlated with digestibility. 
3.3. Molecular weight and its distribution 
Table 3 shows the Mw, Rg, and molecular mass distribution of different WMSs. The Mw 
values follows the order of L5 > L4 > L3 > L2 > L1. The Rg of WMSs increase with higher Mw, 
except for L1. For L1, amylose molecules could intertwine with amylopectin molecules forming 
larger space between chains during the growth of starch granules, which results in higher Rg. In 
addition, Mw increases with increasing amylopectin content, which is as expected since amylopectin 
has much large Mw than amylose. A higher amylopectin content also leads to a gradual increase in 
the Mw distribution. For example, for L1, 87.33% of the molecules have Mw lower than 5×10
6
, whilst 
100 % of L5 molecules distribute in the range over 3×10
7
. These results show significant differences 
in Mw distribution among WMSs. 
3.4. Chain-length profiles of amylopectin 
Table 3 shows the chain length distribution of the branched amylopectin, which can be 












There is no significant difference in the chain length of DP 6–12 among different WMSs, indicating 
that fa chains were generated by similar starch synthases during growth. For all WMSs, fb1 shows the 
highest content (over 41 %) compared other fractions of chains. Thus, fb1 chains may have a major 
effect on the properties and functions of starch. The content of fb2 decreases with increasing 
amylopectin content. 
3.5. Helical structure 
Nuclear magnetic resonance spectroscopy (NMR) was used to characterize the changes of 
helical structures of WMSs and the results are shown in Fig. 3. The signal between 95–105 ppm can 
be attributed to the chemical shift of C1 of starch; that at 81 ppm can be ascribed to C4; that between 
68–78 ppm should be assigned to C2,3,5; and that at 62 ppm can be linked to C6. The chemical shifts 
at around 102 and 103 ppm of C1 are typically considered to be due to the V-type single helix (SH) 
[33]; 103 ppm is also related to the junction points between amorphous starch (AS) and amylopectin 
double helix (DH) [24]. The chemical shifts at 101.5, 100.5 and 99.4 ppm in the C1 region are 
typically identified as the A-type double helix [33, 34]. Thus, these peaks can be used to characterize 
the short-range ordered structure of starch. The NMR spectrum of a starch sample can be subtracted 
by the amorphous to obtain SH and DH contents using the intensity at 84 ppm as a reference [24]. 
The contents of DH in WMSs are in the range of 30.7–34.9%, the SH contents are between 0 and 
3.31%, and those of AS are between 61.8 and 67.7% (Table 5). The RDS of WMS increases with 
higher amounts of AS. This indicates that the molecular chains in the amorphous regions of starch 
can be more easily digested, which contributes to RDS. With increasing content of SH, the RDS 
content of WMS decreases, whereas the SDS and RS contents increase. This indicates that SH is an 
important component of SDS and RS. 
3.6. Crystalline structure 
The crystallinity of starch is an important parameter to characterize the physicochemical 












amylopectin chains or amylose, the crystalline structure of starch can be defined as A, B, C, or V [36, 
37]. As shown in Fig. 4, WMSs display a typical A-type crystalline polymorph with main diffraction 
peaks at around 15°, 17°, 18° and 23° (2), with 17° and 18° forming a doublet. There is no 
significant diffraction peak at 20° 2θ due to the low amylose content. The crystallinity of WMSs 
follows the order L5 ≈ L4 ≈ L2 ≈ L3 > L1, indicating that the crystallinity increases slightly with 
increasing amylopectin content in WMS (Table 2 and Table 5). Interestingly, the RS content 
decreases with increasing crystallinity. Given this, RS could be mainly contributed by amylose. 
3.7. Surface short-range order structure 
The FTIR spectrum in the region of 800–1200 cm
−1
 is normally considered to be sensitive to 
the oscillation frequency of starch chemical bonds. Specifically, the absorbance band at 1045 cm
−1
 is 
related to the crystalline structure; and the band at 1022 cm
−1
 can be linked to AS, and the band at 
995 cm
−1
 can be related to the intramolecular hydrogen bonding of the hydroxyl group at C-6 [38-40]. 
Furthermore, the ratio of intensity at 1045/1022 cm
−1
 (R1045/1022) can be used to characterize the 
changes in the starch crystalline structure [22, 41]. Fig. 5 shows the ATR-FTIR spectra of different 
WMSs, with their R1045/1022 values listed in Table 4. All WMSs, except for L1, do not show a 
significant difference in the surface short-range ordered structure. However, a higher content of the 
short-range ordered structure (R1045/1022) coincides with a higher RS content. This indicates that the 
surface short-range ordered structure of starch might provide a resistant effect against digestive 
enzymes.  
3.8. Lamellar structures 
From Fig. 6, it can be seen that the position of the peak is at around 0.7 nm
−1
, which 
corresponds to the 9-nm semi-crystalline structure based on the Woolf-Bragg’s equation D = 2/q 
[42]. The values of D are in the sequence of L1 > L3 > L2 = L4 > L5 (Table 6). For different WMSs, 












highest D (90.61 Å), which could be related to its highest double-helical structure and R1045/1022 value 
(Table 5). 
3.9. Structure-digestibility relationship 
The relationship between the multi-scale structure and digestibility of WMS was investigated 
by Pearson correlation analysis, including RC, D50, R1045/1022, DH content, SH content, AS content, 
chain length distribution of debranched amylopectin, Mw, Rg, scattering vector (qpeak), D, AAC, RDS, 
SDS, and RS. Table 7 shows that there are significant correlations between the multi-scale structure 
and digestibility of WMS. Specifically, RDS is strongly correlated with fb2 (r = 0.862, p < 0.01), Mw 
(r = 0.845, p < 0.01), qpeak (r = 0.669, p < 0.05), AS (r = 0.647, p < 0.05) and RC (r = 0.772, p < 
0.01), indicating that RDS is most likely to be composed of disordered molecular chains in the 
amorphous regions of starch. RDS has a negative correlation with AAC (r = −0.696, p < 0.05), D (r 
= −0.666, p < 0.05), SH (r = −0.887, p < 0.01), AS (r = −0.647, p < 0.05), and R1045/1022 (r = −0.678, 
p < 0.05), suggesting that the more ordered structure is formed by amylose, resulting in a lower RDS. 
SDS is positively correlated with SH (r = 0.723, p < 0.05), showing that SDS is mainly composed of 
SH. SDS is negatively correlated with Mw (r = −0.715, p < 0.05), meaning that a higher Mw 
contributes to a lower SDS content. RS has a positive correlation with AAC (r = 0.872, p < 0.01), fa 
(r = 0.642, p < 0.05), fb1 (r = 0.746, p < 0.05), D (r = 0.742, p < 0.05), SH (r = 0.974, p < 0.01), and 
R1045/1022 (r = 0.803, p < 0.01), indicating that RS is mainly composed of SH structure formed by 
amylose and fa and fb1 chains. RS has a significant negative correlation with fb3 (r = −0.741, p < 0.05), 
Mw (r = −0.881, p < 0.01), qpeak (r = −0.742, p < 0.05), AS (r = −0.755, p < 0.05), and RC (r = 
−0.931, p < 0.01), which implies that larger Mw leads to a higher AS content and a higher RC, 














In this work, a significant correlation between the multi-scale structure and digestibility of 
WMSs has been established. On the one hand, enzymatic hydrolysis can occur by contact with AS 
formed by disordered starch molecular chains. RDS was found to be mainly composed of disordered 
starch molecular chains as the RDS content is positively correlated with fb2 (DP 25–36) chains, Mw, 
AS content, and RC. On the other hand, enzymes can only hydrolyze part of the order molecular 
chains located in the crystalline regions of starch. The relatively perfect crystalline structure will 
inhibit the hydrolysis by digestive enzymes. SDS is positively correlated with SH content and AS 
content. This indicates that SDS is mainly composed of ordered molecular structures such as SH 
(0.723
**
). Moreover, there is a positive correlation between RS and AAC, fa (DP 6–2) and fb1 (DP 
13–24), D, SH content and R1045/1022. This suggests that the ordered structure arranged by SH and the 
compact short-range ordered structure formed by short chains has a major contribution to the 
digestion resistance of starch. This study improves our understanding of the relationship between the 
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Table 1. Chemical composition of different WMSs. 
Samples Moisture (%) Protein (%) Lipid (%) Ash (%) 
L1 10.6±0.0 0.61±0.12 3.19±0.08 1.39±0.09 
L2 10.2±0.4 0.52±0.01 2.13±0.14 1.34±0.12 
L3 10.5±0.7 0.56±0.04 2.35±0.16 1.41±0.06 
L4 9.8±0.0 0.51±0.02 2.61±0.05 1.44±0.11 















Table 2. Particle size, apparent amylose content, and digestibility of different WMSs. 
Samples D50 μm AAC % RDS % SDS % RS % 
L1 12.2±0.0b 12.5±0.2a 37.4±1.5c 42.5±1.3a 20.1±0.2a 
L2 12.4±0.1b 3.1±1.1c 49.2±0.9b 35.9±1.7b 15.0±0.8b 
L3 11.6±0.1c 4.9±0.2b 38.4±0.6c 43.1±0.7a 16.9±1.0b 
L4 13.3±0.6a 2.2±0.0c 45.9±3.0b 41.4±3.7a 12.7±0.7c 
L5 12.1±0.0bc 1.8±0.1c 59.2±1.0a 31.1±2.0b 9.7±1.1d 
Values followed by the different letter within a row differ significantly (p < 0.05). Values are presented as means ± SD 
(standard deviation). D50, median diameter with half of granules above and half below this diameter; AAC, apparent 















Table 3. Molecular mass (Mw), Rg and its molecular mass distribution of different WMSs. 
Samples Mw (g/moL) Rg (nm) Molar mass distribution (%) 
   
< 5×106 5×106–1×107 1×107–2×107 2×107–3×107 >3×107 
L1 3.40×106 (2%) 121 (1%) 87.33 12.67 0 0 0 
L2 8.21×106 (1%) 103 (1%) 16.53 63.65 19.82 0 0 
L3 1.19×107 (1%) 111 (1%) 0 36.39 60.79 1.33 1.49 
L4 2.23×107 (1%) 132 (1%) 0 0 23.49 67.88 8.63 















Table 4. Chain length distribution (%) of amylopectin of different WMSs. 
Sample fa (DP 6–12) fb1 (DP 13–24) fb2 (DP 25–36) fb3 (DP > 36) 
L1 21.5±0.2a 43.2±0.1a 17.4±0.1d 17.9±0.4b 
L2 20.9±0.1a 41.1±0.0b 18.5±0.0ab 19.6±0.0a 
L3 20.8±1.3a 41.6±0.5b 18.0±0.2c 19.6±0.7a 
L4 20.4±0.1a 41.7±0.1b 18.3±0.0b 19.7±0.2a 
L5 20.6±0.2a 41.2±0.3b 18.7±0.1a 19.6±0.4a 
















Table 5. XRD, NMR and ATR-FTIR parameters of different WMSs. 
Samples RC % SH % DH % AS % R1045/1022 
L1 35.2±0.1d 3.31±0.08a 34.9±0.3a 61.8±0.3b 0.713±0.003a 
L2 37.6±0.1c 1.63±0.01c 30.7±1.2c 67.7±1.2a 0.572±0.010b 
L3 37.5±0.1c 1.97±0.01b 32.2±0.4bc 65.9±0.4a 0.604±0.033b 
L4 38.2±0.1b 1.07±0.24d 32.0±0.9bc 66.9±1.1a 0.569±0.007b 
L5 38.9±0.1a 0.00±0.00e 33.0±0.0b 67.0±0.0a 0.566±0.005b 
Values followed by the different letter within a row differ significantly (P < 0.05). Values are presented as means ± SD 















Table 6. SAXS parameters of different samples. 
Samples qpeak (nm
−1
) D (Å) 
L1 0.693 90.6 
L2 0.700 89.8 
L3 0.707 88.9 
L4 0.700 89.8 















Table 7. Correlation analysis between the multi-scale structure and digestibility of waxy maize starch. 
 
RDS SDS RS 
AAC −0.696* 0.508 0.872** 
D50 0.212 −0.035 −0.299 
fa −0.366 0.236 0.642
* 
fb1 −0.672 0.543 0.746
* 
fb2 0.862
** −0.749 −0.903 
fb3 0.470 −0.300 −0.741
* 
Mw 0.845
** −0.715* −0.881** 
Rg 0.378 −0.199 −0.510 
qpeak 0.669







** 0.730* 0.982** 
SH −0.887** 0.723* 0.974** 
DH −0.303 0.234 0.400 
AS 0.647* −0.518 −0.755* 
R1045/1022 −0.678
* 0.501 0.803** 
RC 0.772** −0.590 −0.931** 
** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed). AAC, 
apparent amylose content; D50, median diameter with half of granules above and half below this diameter; q, position of 
scattering peak; D, average thickness of starch semi-crystalline lamellae; Dm, mass fractal dimension; RC, relative 
crystallinity; R1045/1013, relative absorbance at 1045/1022; DH, double helix: SH, single helix; AS, amorphous starch; Mw, 
















Fig. 1. Granule size distributions of different WMSs. 
Fig. 2. SEM images of different WMSs. 
Fig. 3. 13C NMR spectra of different WMSs. 
Fig. 4. XRD patterns of different WMSs. 
Fig. 5. ATR-FTIR spectra of different WMSs. 
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 Different waxy maize starches (WMSs) show varied structure and digestibility 
 The digestibility strongly correlates with the multiscale structure of WMSs 
 The surface porosity of WMS granules facilitates their digestibility 
 Single helices and surface short-range ordered structures give resistant starch 
 The quality of crystallites and the chain length determine the starch resistance 
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